A set of GCMC molecular simulations has been performed over zeolite MFI and disordered, activated carbon structures, to determine adsorption isotherms and thermodynamic characteristics of a gaseous mixture adsorbed into porous structures, activated carbon, all-silica MFI and hydrophilic FAUNaY zeolites. Simulations have been carried out over a multicomponent mixture, in order to mimic a more realistic gaseous emission, when benzene has to be removed. Validation of the model has been obtained by comparison with available experimental data. Different conditions, as temperature and total pressure of the stream have been taken into account. Results give a ranking for the most appropriate process conditions, and for the best materials to be employed for the separation process. Data fitting with the Sips thermodynamic model has also been provided for benzene isotherms. Our procedure is simple and may be adapted to different temperature and pressure conditions, adsorbate or adsorbent characteristics, and gas composition.
INTRODUCTION
Volatile organic compounds (VOC) removal is a necessary operation to respect imposed standard limits in exhaust gaseous streams [1, 2] . It is well known how the presence of even small amounts of these components can be detrimental to environment and human health. VOC can originate from different sources, such as petrochemical processes, vehicle emissions, combustions and, in general, from all kinds of industrial processes [3] . Among all the others VOC, one of the most hazardous ones is the benzene, as its effects, even at typical very low concentrations in emissions, are nowadays well documented [4, 5] . One possible way of VOC removal is the selective adsorption into porous media [6] .
In this work we aim at examining possible ways of benzene removal from gaseous streams by adsorption into zeolites or activated carbons, taking into account different operation conditions, such as temperature and pressure, which may be encountered in gaseous streams exiting from a plant. This has been done with the aid of molecular simulation techniques, in particular the well known Grand Canonical Monte Carlo method [7] .
Two kinds of zeolites, hydrophobic MFI and hydrophilic FAU NaY (Si/Al= 2.5) [8] have been tested in our work, and then zeolite MFI was used.
We also tested and used one disordered structure, called cs1000a, which reproduces an activated carbon fibre, obtained from the pyrolysis of pure saccharose at 1000 °C for 20 hours in a CO 2 atmosphere. This was one of the disordered structures obtained by the group of Keith Gubbins using the Hybrid Reverse Monte Carlo method (HRMC), and is now freely available in literature [9, 10] . Both activated carbon and zeolites have been commonly investigated, and frequently employed, in processes of purification technologies, in particular for VOC and benzene separation [11 -22] .
The aim of the work is mainly to establish a flexible and simple procedure to estimate the efficacy of different adsorbents in different conditions, to give more insights to the adsorption process at molecular level, and to understand how the presence of a gaseous mixture, which is usually encountered in these kinds of processes, will affect the predicted adsorption isotherms. In fact adsorption experiments have been performed in different conditions and for a huge kind of matrices and adsorbates, as there is a considerable interest in adsorption processes and technologies, as testified by a huge literature [23] . Nevertheless, in the case complex multicomponent mixtures, especially when the component to be separated is very dilute, data are absent or still very scarce [24] , due to the difficulties of experimental procedures. Although, it is known how competition for pore sites may substantially affect the adsorption mechanism [25] .
In our example, we decided to mimic in a simplified way a composition which can be an example of a stream from waste incinerator processes, or from combustions due to industrial processes, or from residual streams of chemical plants. In this way the choice of benzene as pollutant and the specific gaseous composition, are merely exemplificative, and should be intended as a specific case study to explore the effectiveness of the procedure, which may be also adapted to different conditions or changed in the case of a different pollutant removal.
This work is organized as follows: in the materials and methods section we define Hardware and Software characteristics, we briefly describe the GCMC method and then we give computational details of our simulations. In the Results and discussion section, we provide a validation of our procedure against available data; then we compare results of pure benzene adsorption isotherms at 500 K with the ones in the multicomponent gaseous mixture, 2 and benzene has been used to approximate and mimic an exhaust gaseous stream from a combustion process. Due to the relatively low pressures considered for all simulations, and accordingly to the aim of our work, we decided to approximate fugacity with partial pressure.
The frameworks of the chosen zeolites, MFI and FAU (NaY), are available in the database of the platform; the Na + ions added to balance the total charge have been placed into the NaY cell with a cation locator option, provided in the Sorption module. This allows performing a Metropolis Monte
Carlo location of the ions in the cell, according to the lowest energy configuration; acceptance criteria are similar to the ones used for Canonical Monte Carlo simulations [7] but in this case a specified number of annealing cycles (called simulated annealing) is used to slowly freeze the system, in order to repetitively explore the configurational space determined by the adsorbate (zeolite) and sorbent (Na + ) system, and to avoid local minima [26, 27] .
The atom positions of the disordered structure cs1000a, have been obtained with the HRMC method [9, 10] . This method uses an algorithm which attempts to simultaneously minimize the error in the radial distribution function and also the total energy of the system, thus matching the experimental data obtained for the real structure, such as structure factor, porosity and density.
Further, a simulated annealing minimization method is also employed to avoid the system to be trapped in local minima.
The core of this work is the GCMC application with the stochastic Metropolis method [28] for multicomponent gas adsorption. The method is well known and described in several books, as in [7] ; references to some specific applications both to pure gases and to mixtures can be found elsewhere, thus in this paper we provide a short description.
Generally speaking, the stochastic Monte Carlo (MC) method, which uses statistical mechanical principles to calculate properties of a given system, has been employed to perform the simulations. In brief, MC simulations generate configurations of a system by making random changes to the positions of the present species, together with their orientation and conformations, where appropriate [29] . The Metropolis sampling method generates chains of configurations with the ensemble probability.
Transforming a configuration involves a random displacement of each atom in the system from its actual position. A trial move is accepted if it lowers the configuration energy of the system. If the configuration energy is increased, trials are accepted with a probability proportional to a Boltzmann factor: P = e −ΔU/kT , where ΔU is the configuration energy difference. Sampling techniques [30] are used to generate states of low energy, and enabling accurate property calculations. In this work, the simulations were carried out using the The probability of a configuration, m, in the grand canonical ensemble is given by:
C is an arbitrary normalization constant; E m is the total energy of configuration m:
where E m SS is the intermolecular energy between the adsorbate molecules, is given by:
where f is the fugacity (equal to the partial pressure for ideal gases), μ int is the intramolecular chemical potential, and N is the loading of the component. For a mixture of components, F({N} m factorizes to a product of functions (1) 
The average is taken over a uniform ensemble, which means that every configuration has the same probability. If the adsorbate has one conformation with no degrees of freedom other than translation and orientation, the intramolecular chemical potential reduces to the intramolecular energy.
The thermodynamics of adsorption have been further investigated analyzing the values of the isosteric heat of adsorption h RF , a measure of adsorption capabilities of an adsorbate in an adsorbent framework. h RF is defined as the difference between the partial molar enthalpy of the adsorbate component in the external reservoir (i.e., free gas) and in the framework; accordingly, it is a measure of the enthalpy change involved in the transfer of a solute from the reference state to the adsorbed state at a constant solid phase concentration [31] :
Evaluation of h RF requires the application of Clausius-Clapeyron equation [31] :
where v R and v F are the adsorbate partial molar volumes in the reservoir and in the framework, respectively, p the partial pressure, and T the temperature.
In the right-hand side term of equation (7), the partial molar volume of the gas molecules in the framework is neglected with respect to that in the reservoir, and the gas behavior in the reservoir is assumed to be ideal. This leads to the expression of h RF in the Grand Canonical ensemble, where the free energy G can be calculated:
The characteristics of the 3D periodic cells are described in Table 1 .
In these simulations we used a slightly modified Augmented ConsistedValence Force Field (cvff_aug) [32, 33] , which is particularly suitable for small molecules adsorption calculations in solid or crystal frameworks. Modifications have been made to take into account the quadrupole moments of some molecules in a more accurate way. Thus, we used the Watanabe-Austin models [34] for N 2 , O 2 , CO 2 , which introduce the presence of dummy atoms to simulate charge displacements. We used the standard TIP3P model for water [35] ; the benzene molecule was constructed and then minimized with the cvff_aug Force Field. Finally, in the activated carbon structure, hydrogen parameters have been set to the ones describing hydrogen bonded to sp We performed a set of simulations to validate our procedure, comparing adsorption isotherms with data available in literature. Then we examined the differences between adsorption isotherms of pure benzene and adsorption isotherms of benzene in the multicomponent mixture, i.e. the gaseous emission (N 2 70%, CO 2 10%, H 2 O 10% and O 2 11% as partial pressures) to find a reasonable ranking of the most suitable adsorbent and the most convenient thermodynamic conditions.
RESULTS AND DISCUSSION
For validation, we tried to compare adsorption isotherms with data available in literature. In Figure 1 the 3D structures used in this work are shown: zeolites MFI and NaY, and disordered, activated carbon cs1000a. Figure 2 shows the comparison between our data for pure adsorption over MFI zeolite (a) and NaY zeolite (b) and, respectively, the adsorption isotherms of [19] and [38] . As expected, the agreement is fair for all the considered pressure range, bearing in mind the possible presence of impurities in the real zeolite MFI, and the slightly different Si/Al ratio (2.43 in the case of this publication). Analogous data for activated carbons, although present in several works, are difficult to compare to our specific structure, due to the huge differences which appear in disordered structures with different framework and porosity. Results show several differences, which are due to the adsorption site competition inside the pores. These differences are very pronounced at low benzene pressures and for the hydrophilic zeolite NaY, where the most polar groups and the Na + ions favour the adsorption of water and oxygen.
Accordingly, benzene adsorption in NaY is very low. As expected, MFI and cs1000a are indicated for the non-polar VOC (in particular, benzene) removal, while NaY zeolite is not. In Table 2 we also show the isosteric heats of adsorption for all effectively adsorbed molecules. Values are averaged over all simulated point, standard deviations are in brackets. Empty cells mean no adsorption for the whole pressure range.
Examining isotherms and isosteric heats, it is clear how benzene is favoured over all other components, confirming these structures as suitable for benzene removal. The high benzene loading, even at low partial pressures, corresponds to the other hand to a very low coverage of the other gases (see Additional Information). Nevertheless, higher temperatures influence negatively the adsorption for both structures in a quite dramatic way, as differences are up to 3 orders of magnitude. Isosteric heats are quite constant for all isotherms points; they are slightly temperature dependent, especially for benzene adsorbed in the cs1000a structure.
In MFI saturation values at low temperatures are reached before the maximum benzene partial pressure. When total pressure increases, benzene adsorption is slightly decreasing, due to the effect of the higher partial pressure of other components; then, at a total pressure of 506.5 kPa and 1000 K, we can observe how in practice the benzene adsorption is very limited, and decreasing for a higher total pressure. A similar behaviour can be noticed for cs1000a; in this case saturation values, which are also higher, increase with the total pressure of the system. Generally speaking, both for MFI and cs1000a, adsorption is slightly influenced by total pressure. Although the choice of MFI will be favoured for higher temperatures, and lower total pressures, the most indicate and common situation, (moderate pressure and temperature, 101.3 kPa at 500 K) at the outlet of the stream, seems to suggest the use of the considered activated carbon model, with the exception of a very low benzene fraction. Finally, the considered Sips model show a rather acceptable behaviour, as it is able to reproduce qualitatively (and, with the exception of 1000 K, also quantitatively) the trends for both structures.
The use of more sophisticated thermodynamic models to take into account non-idealities or framework heterogeneity for such a complex mixture was out of the scope of our work.
CONCLUSIONS
We used the GCMC molecular simulation technique to evaluate adsorptive potentialities of zeolites and activated carbon structures. We validated our procedure against available adsorption data; then we considered a simplified, ideal gaseous mixture to mimic an outlet stream (e.g. exhaust gas from combustion). Results show how hydrophobic zeolite MFI and the prototype of an activated carbon structure, cs1000a, are indicated for benzene removal.
The adsorption isotherms dependence on the total pressure is weak, while it can be suggested to operate at relatively low temperatures, due to the strong influence of this parameter. In this case, the choice of the considered activated carbon structure will be generally slightly favoured. Further, the Sips thermodynamic model showed to be able to fit calculated data in an acceptable way. The adopted methods and procedures have shown to be simple and suitable for further applications in the environmental-related fields, providing that porous adsorbent structures are known.
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Additional information is freely available as supplementary material. Sips model for cs1000a; q is the loading, P is the pressure. In Figure 2 
